Echinochrome A (Echi-A) was isolated from the sea urchin Anthocidaris crassispina and its structure determined using 1D and 2D-NMR. In the present study, we examined the inhibitory effect of Echi-A on antigen-stimulated degranulation in rat basophilic leukemia RBL-2H3 cells, which were suppressed in a dose dependent manner. The antigens bind to the high affinity immunoglobulin E receptor, which is expressed on the surface of mast cells and basophils and activate intracellular signal transduction, resulting in the release of biologically active mediators such as histamine. In order to disclose the inhibitory mechanisms of degranulation by Echi-A, we examined the elevation in intracellular Ca 2+ concentration ([Ca 2+ ] i ), production levels of intracellular reactive oxygen species (ROS) and early intracellular signaling events. Both elevation of [Ca 2+ ] i and intracellular ROS production were markedly suppressed in cells treated with Echi-A. Echi-A also suppressed the activation of Lyn, Syk, and PLCγ1/2 in antigen-stimulated cells. These results indicated that inhibition of antigen-stimulated degranulation in RBL-2H3 cells by Echi-A is mainly due to the inactivation of Lyn/Syk/PLCγ signaling pathways. Our findings suggest that Echi-A could be a beneficial agent for alleviating the symptoms of type I allergy.
Mast cells are the key effector cells that cause type I allergy symptoms [1] [2] [3] . High affinity immunoglobulin E (IgE) receptor (FcεRI) is expressed on the surface of mast cells and basophils, and IgE binds to the FcεRIα chain. When antigen invasion occurs, the FcεRI receptors immediately aggregate, inducing a variety of cellular responses, including mobilization of Ca 2+ , production of reactive oxygen species (ROS), and activation of signal transduction pathways, finally resulting in degranulation, cytokine production, and leukotriene secretion. These chemical mediators cause asthma and inflammatory responses. Therefore, inhibiting the early intracellular signal transduction, following antigen stimulation, is important for alleviating type I allergy symptoms.
Nearly 200 different species of sea urchin have been identified till now. We focused on Anthocidaris crassispina for this study. The quantity of sea urchins caught across the world in 2012 was about 64,000 tons, the majority (80%) of which are consumed in Japan. The sea urchin Anthocidaris crassispina is a very popular food in Asia, where it is used as a sushi ingredient, as salted sea urchin eggs and in alcohol for preservation. When sea urchin is used in processed marine foods, it is washed with water and dissected. In this processing, a large amount of sea urchin shells are generated as a by-product (waste), which is known to contain active ingredients, but is generally discarded. Quinones that are present in sea urchin shell pigments are known to exhibit antioxidative [4] , and antimicrobial activities [5] , inhibit acetylcholinesterase [6] , exhibit hypoglycemic [7] and anti-inflammatory (amelioration of uveitis) [8] effects, and protection of mitochondrial function [9] .
To date, several natural products are known to inhibit antigenstimulated degranulation in cellular systems [10, 11] . In this study, echinochrome A (Echi-A; Figure 1 ) was isolated from Anthocidaris crassispina. The mass spectrometric and NMR spectroscopic features of the isolated material closely matched those quoted in the literature for echinochrome A [12] . Echi-A significantly suppressed antigen-stimulated degranulation in RBL-2H3 cells. The aim of this study was to evaluate the molecular mechanisms underlying the inhibitory effect of Echi-A on antigen-stimulated degranulation. 
Echi-A suppresses antigen-stimulated degranulation in RBL-2H3 cells through the inactivation of Lyn:
To understand the effect of Echi-A on antigen-stimulated degranulation in RBL-2H3 cells, we NPC Natural Product Communications 2016 Vol. 11 No. 9 1303 -1306 measured the levels of β-hexosaminidase release into the reaction media. Treatment with Echi-A significantly inhibited the antigenstimulated degranulation in a dose dependent manner ( Figure 2 ). The inhibitory effect of Echi-A at 50 µM was almost similar to that of quercetin at 20 µM, which is a well-established degranulation inhibitor.
In an attempt to unravel the mechanisms underlying the inhibition of antigen-stimulated degranulation by Echi-A, we first examined early intracellular signaling events following antigen stimulation. FcεRI aggregates immediately after antigen stimulation, which leads to the activation of multiple signal transduction pathways that play crucial roles in degranulation and cytokine production [1] [2] [3] . Data presented in Figure 3 show that Echi-A significantly suppressed the Lyn/Syk/PLCγ1/2 pathway and its downstream target molecules, including MAP kinases (ERK, p38, and JNK) and PI3K/Akt. FcεRI consists of an α-chain, a β-chain and 2γ-chains. The immune-receptor tyrosine-based activation motifs (ITAMs) in the β-chain and/or γ-chain are closely involved with intracellular signal transduction [3] . The ITAMs are phosphorylated by the Src family protein tyrosine kinase, Lyn, following antigen stimulation. Therefore, Lyn plays the role of an 'initiating kinase' in the degranulation process. We conclude that the inhibitory effect of Echi-A on antigen-stimulated degranulation is mainly due to the suppression of Lyn activation.
Figure 2:
Effect of Echi-A on antigen-stimulated degranulation in rat basophilic leukemia RBL-2H3 cells. IgE-sensitized RBL-2H3 cells were treated with Echi-A (5, 10, 25, or 50 µM) and stimulated with antigen (DNP-BSA), followed by β-hexosaminidase assays. Quercetin was used as the reference material. Values are expressed as mean ± SE (n=12). Statistical analysis was performed using the Tukey-Kramer multiple group comparisons test. Means with different letters are significantly different (p < 0.01).
Next, we examined the levels of [Ca 2+ ] i following antigen stimulation of RBL-2H3 cells in the presence of Echi-A. Elevation of [Ca 2+ ] i is a downstream event in antigen-stimulated early intracellular signaling. Immediately after antigen stimulation, [Ca 2+ ] i increases through IP 3 -mediated Ca 2+ release from the endoplasmic reticulum and mobilization from extracellular medium through the Ca 2+ channels [1] [2] [3] . Ma et al reported that regulation of Ca 2+ signaling in mast cell could be a potential target for the treatment of mast cell related diseases [13] . The [Ca 2+ ] i levels in cells treated with Echi-A were slightly lower than those in cells without Echi-A treatment, and were almost similar to those of cells treated with EGTA, which is a well-known calcium chelator ( Figure  4 ). Furthermore, the Ca 2+ influx (store-operated Ca 2+ channel activity) is also regulated by intracellular ROS (superoxide and hydrogen peroxide) that is generated by NADPH oxidase in mast cells [14] [15] [16] [17] [18] . Epigallocatechin gallate (EGCG) in tea leaves inhibits translocation of the cytosolic subunit of NADPH oxidase in mast cells, resulting in an anti-allergic effect [19] . Thus, the suppression IgE-sensitized RBL-2H3 cells were treated with or without 25 µM of Echi-A for 30 min. The cells were then stimulated with or without DNP-BSA, after which intracellular Ca 2+ levels were measured. EGTA (1mM, selective Ca 2+ chelating reagent) was used as a reference material. Values are expressed as mean ± SE (n=10). Statistical analysis was performed using the Tukey-Kramer multiple group comparisons test. Means with different letters are significantly different (p < 0.01). of intracellular ROS level following antigen stimulation could be a potential method for inhibiting mast cell degranulation.
Echinochorme A inhibits a degranulation
Natural Product Communications Vol. 11 (9) 2016 1305 As shown in Figure 5A , Echi-A reduced the antigen-stimulated intracellular ROS production to basal level. Echi-A has radical scavenging capacity comparable with that of L-ascorbic acid, a potent antioxidant ( Figure 5B ). Although we did not examine the translocation of cytosolic subunits of NADPH oxidase in cells treated with Echi-A, the suppression of intracellular ROS level by Echi-A was certainly due, at least in part, to neutralization of produced ROS by its radical scavenging ability. Lebedev et al. reported that echinochrome acts as an iron chelator and radical scavenger in artificial and natural membrane systems [20] . Therefore, Echi-A also might have a direct suppression effect on these events.
In conclusion, Echi-A isolated from sea urchin (Anthocidaris crassispina) shell exerted an inhibitory effect on antigen-stimulated degranulation via the inactivation of Lyn ( Figure 6 ). Our findings suggest that Echi-A could be a therapeutic candidate for alleviating type I allergy symptoms.
Experimental

Reagents and materials:
Mouse anti-dinitrophenol (DNP) monoclonal IgE was purchased from Yamasa (Tokyo, Japan). The 25×Complete ® , a mixture of proteinase inhibitors and the phosphatase inhibitor PhoSTOP ® , was from Roche (Penzberg, Germany). The antibodies to Akt, phospho-Akt, p44/42 MAPkinase (ERK), phospho-p44/42 MAP kinase (Thr202/Tyr204) (p-ERK), SAPK/JNK (JNK), phospho-SAPK/JNK (Thr183/Tyr185) (p-JNK), p38 MAP kinase (p38), phospho-p38 MAP kinase (Thr180/Tyr182) (p-p38), Lyn, phospho-Lyn, phospho-PLCγ1, phospho-PLCγ2, Syk, and Rac were from Cell Signaling Technology (MA, USA). The antibody to phospho-Syk (p-Syk), PLCγ1, and PLCγ2 were from Abcam (MA, USA).
Isolation of pigments from Anthocidaris crassispina: A.
crassispina was harvested from Hibikinada-sea (Shimonoseki, Yamaguchi, Japan) in 2012. Gonads of the sea urchins were removed immediately and the shells were washed twice with tap water. Then, the shells were washed with distilled water and stored at -80 o C until extraction.
An ethanol extract of A. crassispina shells (3 L) was evaporated until the volume reached 300 mL. The concentrated extract was diluted with distilled water (200 mL) and then sequentially partitioned with CHCl 3 and n-BuOH. The CHCl 3 fraction (5 g) was separated by silica gel column chromatography (CC) eluted with CHCl 3 /MeOH (1/0 to 1/4; v/v), to obtain 5 fractions (Fr. 1 to Fr. 5). Fr. 2 (694 mg) was further separated by silica gel CC (CHCl 3 /MeOH = 20/1 to 10/1), which yielded 4 sub-fractions (subFr. 1-1 to subFr. [2] [3] [4] . Echinochrome A (Echi-A, 76 mg) was obtained by purification of subFr. 2-2 (130 mg) using silica gel CC (n-hexane/CHCl 3 = 5/1 to 1/1).
Cell culture: RBL-2H3 cells were obtained from the Health Science Research Resource Bank (Tokyo, Japan). Cells were grown in Eagle's minimum essential medium (Life Technologies; Carlsbad, CA, USA) containing 10% heat inactivated fetal bovine serum, 100 U/mL of penicillin, and 100 µg/mL of streptomycin in a humidified atmosphere of 5% CO 2 at 37°C.
Degranulation assay β-Hexosaminidase release assay:
We used β-hexosaminidase as a marker of degranulation. RBL-2H3 cells (2 ×10 4 cells/well) were seeded onto 24-well plates and cultured for 12 h. Cells were then treated with anti-DNP-IgE (0.45 μg/mL) and incubated for 24 h. After washing twice with Siraganian buffer A (119 mM NaCl, 5 mM KCl, 0.4 mM MgCl 2 , 25 mM PIPES, and 40 mM NaOH, pH 7.2), 160 μL of Siraganian buffer B [5.6 mM glucose, 1 mM CaCl 2 , and 0.1% bovine serum albumin (BSA)] was added to each well. After incubating at 37°C for 10 min, cells were treated with Echi-A at 37°C for a further 30 min. DNP-labeled BSA (DNP-BSA; 20 μL) was then added to the culture medium to a final concentration of 10 μg/mL. After 10 min, cells were placed on ice for 10 min to terminate the reaction. The supernatants were then collected by centrifugation at 300 × g at 4°C for 10 min. The supernatants (50 μL) were transferred into 96-well microplates and allowed to react with 50 μL of 0.1 M citrate buffer (pH 4.5) that contained 1 mM pnitrophenyl-N-acetyl-β-D-glucosaminide (CB-PNAG) at 37°C. The reaction was terminated after 1 h by adding stop buffer (0.1 M Na 2 CO 3 /NaHCO 3 , pH 10.0). Absorbance was measured at 405 nm using a colorimetric microplate reader (Corona Grating Microplate Reader SH-9000, Corona Electric Co. Ltd.; Hitachinaka, Ibaraki, Japan). β-Hexosaminidase inhibitory activity: Samples (5 μL) and conditioned medium prepared from antigen-stimulated RBL-2H3 cells (45 μL) were placed in the wells of 96-well microplates, and reacted with 50 μL of 0.1 M CB-PNAG at 37°C for 1 h. The absorbance at 405 nm was measured after terminating the reaction. 
Measurement of intracellular Ca 2+ concentrations: Intracellular
Ca 2+ levels were determined with a Calcium Kit-Fluo 3™ (Dojindo Laboratories; Kumamoto, Japan). RBL-2H3 cells (5 × 10 4 cells/well) were seeded onto 96-well microplates and incubated at 37°C for 1 h. The cells were then treated with anti-DNP IgE (0.45 μg/mL) and incubated at 37°C for 24 h. After washing twice with phosphate-buffered saline (PBS), 100 μL of loading buffer containing Fluo-3AM (Calcium Kit-Fluo 3™) was added to the culture medium. One h later, the cells were washed with PBS and incubated in 90 μL of loading buffer containing Echi-A. After incubation for 30 min, cells were stimulated by the addition of DNP-BSA (10 μg/mL) and the fluorescence was measured using a Itoh et al.
fluorometric imaging plate reader (excitation: 490 nm, emission: 530 nm).
Measurement of intracellular reactive oxygen species (ROS) levels:
Intracellular ROS levels were measured by using the general marker of oxidative stress CM-H 2 DCF-DA. IgE-sensitized RBL-2H3 cells (5 × 10 4 cells/well) were incubated with 10 μM CM-H 2 DCF-DA for 30 min at 37°C. After washing twice with Siraganian buffer A, cells were incubated with Siraganian buffer B, that included Echi-A, for 30 min. Then, the cells were stimulated with DNP-BSA (10 μg/mL), and the fluorescence was measured using the fluorometric imaging plate reader (excitation: 490 nm, emission: 530 nm).
Measurement of DPPH radical-scavenging activity:
To measure in vitro anti-oxidant activity of Echi-A, the DPPH radical scavenging assay was carried out as described previously. Briefly, 180 μL of 0.2 mM DPPH radical solution and 20 μL of Echi-A were rapidly mixed and the decrease in absorbance at 517 nm was monitored. DPPH free radical-scavenging activity (%) was calculated using the following formula:
[(A 517nm of control − A 517nm of sample ) /A 517nm of control ] × 100
Vitamin C (L-ascorbic acid, Wako Pure Chemical Co. Ltd.; Osaka, Japan), a potent anti-oxidant, was used as a positive control.
Immunoblot analysis: Cell lysates were prepared by lysing the cells in RIPA buffer (10 mmol/L Tris-HCl (pH 7.5), 150 mmol/L NaCl, 1 mmol/L ethylenediamine-N,N,N′,N′-tetraacetic acid [EDTA], 1% NP-40, 0.1% sodium deoxycholate, and 0.1% sodium dodecyl sulfate [SDS]) containing complete protease and phosphatase inhibitor cocktails (Roche, Penzberg, Germany). Protein samples were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and then transferred onto polyvinylidene fluoride (PVDF) membranes. After blocking for 1 h in 5% non-fat milk, the membrane was incubated with a primary antibody at 4°C overnight, followed by incubation with a horseradish peroxidase conjugated secondary antibody at room temperature (25°C) for 1 h. Immuno-reactive proteins were detected with an enhanced ECL kit and a Davinch-Chemilumino-image analyzer (Wako).
Statistical analysis:
All data were analyzed using the Mac statistical analysis software package for Macintosh, version 2.0 (Esumi Co.; Tokyo Japan). All data are expressed as mean ± standard error (S.E.). Statistical analysis was performed using the Tukey-Kramer test for comparisons among many groups at a significance level of p < 0.01.
